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FOREWORD

This report presents the results of a 9-month study by Martin Marietta
for the National Aeronautics and Space Administration's George C.
Marshall Space Flight Center. The study was the second phase of Con-
tract NAS8-34679, Development of ar Autonomous Video Rendezvous and
Docking System., It resulted in a physical laboratory simuiation and
the demonstration of a video guidance system. Significant benefits
were obtained from previous related work under Martin Marietta IR&D
Project D-11R.
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SUMMARY

The critical elements of an autonomous videc rendezvous and docking
system have been built and used successfully in a physical laboratory
simulation. The laboratory system demonstruted that a small, inexpen-
sive electronic package and a flight computer of modest size can ana-
lyze television images to derive guidance informaiion for spacecraft.

In the ultimate application, the system would use a docking aid con-
sisting of three fiashing lights mounted on a passive “"target" space-
craft. Television imagery of the docking aid would be processed aboard
an active "chase vehicle” to derive relative positions and attitudes of
the two spacecraft.

The demonstration system used scale models of the target spacecraft
with working docking aids. A television camera mounted on a 6-degree~
of~freedom (DOF) simulator provided imagery of the target to simulate
observations €from the chase vehicle. A hardware video processor
extracted statistics from the imagery, from which a computer quickly
computed position and attitude, Computer software known as a Kalman
filter derived velocity information from position measurements. The
filter also produced "synthetic measurements” that allowed dead reckon~
ing when the docking aid was not visible,

Tests with this system produced data that are in good agreement with an
all-software simulation conducted previously. Although these tests es-
tablished the viability of the measurement technique, the control sys-
tem needs improvement to effectively use the measurements in guiding
the chase vehicle to dock with tumbling target spacecraft, Further
work is already scheduled to develop these improvements.

2 T emeimw v



INTRODUCT ION

This study is the second phase of a contract to investigate techniques
that could be used in an autonomous video rendezvous and docking svstem
for spacecraft.

Under Phase 1, we identified several techniques that appeared suitable
for such a system, defined the equations and algorithms these tech-
niques would use, and evaluated video guidance control systems based on
these techniques through computer simulation.

To ensure that practical problems were considered, the simulation moed-
eled not only the sensor but also methods for dealing with a number of
practical problems, e.g., maintairing control when the target space-
craft leaves the guidance sensor field of view. The simulation also
modeled the characteristics and limitations of practical spacecraft to
reveal subrle incompatibilities that might otherwise go unnoticed. A
mission model was uefined to serve as a basis for the simulation,

In this model the r~hase vehicle is a general-purpose spacecraft for
repair, refurbishment, and retrieval of other spacecraft. After it is
deployed from the space shuttle, it must rendezvous and dock with the
Long Duration Exposure Facility (LDEF), which, it is assumed, has bezn
modified for this operation and is in a circular ocrbit at an altitude
of 300 km, We refer to LDEF as the "target spacecraft” because, al-
though a specific mission mcdel was used for the simulations, it was
intended that the guidance method be usable on a variety of spacecraft.

Ir Phase 2 of the contract, we conducted a physical simulation of the

best technique evaluated under Phase 1. This technique used a docking
aid comprising three flashing lights mounted on the target spacecraft

(Fig. I-1), This pattern of lights uniquely defined both the relative
positions and the relative attitudes of the two spacecraft.

To simulate the entire operation from a range of 300 meters to contact,
three target-spacecraft models were required. Each model was built to
a different scale and was used in a different part of the simulation.
The smallest model was 1/100th scale and was used for ranges greater
than approximately 30 meters. A 1/10th scale model was used to simu-
late ranges between 3 and 30 meters., For the final seconds of the
docking operation, a full-scale model of a portion of one side of the
LDEF was used.

To simulate the servicer spacecraft or "chase vehicle,” we mounted a
television camera on a 6-DOF simulator (Fig. I-2). The simulation com-
puter sent servo commands to position the camera co that the television
image would correspond to the image seen by a flight camera on a real
chase vehicle, Video processing electronics converted the imagery to a
set of statistics that a computer can quickly analyze to determine the
relative position and attitude of the two spacecraft, These statistics
were transmitted to the simulation computer, which modeled both the
activity of the simulated flight computer and the dynamics of the two
spacecraft.
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Figure I-1 Flashing-Light Dockirg Aid

This report concerntrates on Phase 2 of the contract and repeats very
little of the information that was published in the Phase 1 final re-
port, The reader will find it advantageous teo read a+t least the first

three chapters of the Phase 1 report before reading the more technical
sections of this report.
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II.

CCNCLUSIONS AND RECOMMENDATIONS

PHASE 1 CONCLUSIONS WERE CONFIRMED

The three-light docking aid and control system still appear oractical,
although improvements are needed.

Measurement accuracy was about twice as good in the physical simulation
as in the software simulation performed under Phase 2. The improvement
can be attributed to the use of a better camera than the software simu-
lation modeled.

This increased accuracy did not materially improve control. The system
still has trouble docking with target spacecraft tumbling over 1000
degrees per hour about the pitch or yaw axis. This problem underscores
the need for the control system improvements that are planned under
contract Phase 3.

OTHER USEFJL INFORMATION WAS GAINFD

Although this study produced few surprises, it did produce valuable
results:

1) The modeling for the all-software simulation was in close agreement
with reality. This fact increases the confidence that can be
placed in the Phase 1 study results, Because the Phase 3 study
will also use an all-software simulation, this confirmatioa of mod-
els and assumptions is especially important.

2) Improvements were made in portions of the simulation program: the
image interpretation algorithm now handles singularities, some
minor errors were corrected, and dead reckoning was improved.

3) The real-time image interpretation sch:me was shown to be practi-
cal, and we have a much better knowledge of the required size, com-
plexity, and cost of Lhe hardware it requires.

SEVERAL TOPICS WARRANT FURTHER STUDY

A third phase of this study will begin soon. 1In this phase the Kalman
filter will be expanded ic estimate target tumble parameters, and im-
provements will be made to the control system. Thuese changes should
improve the system's abilicy to deal with tumbling target spacecraft.

However, several other toupics stould also be investigated. These top-
ics are discussed briefly below.

1I-1



Passive Docking Aid

The present design requires the target spacecraft to flash its docking
aid lights, which may cause problems in some applications. For exam-
ple, if the mission is refurbishment or retrieval of mal” ‘apinag
spacecraft, there is concern over whether the lights wi.. opc e after
several years in orbit.

If the lamps are replaced with corner-cube reflectors, the samz ttree-
point docking aid can be used with no change to the interprctation al-
gorithm, but the target can be completely inactive. However, this nod-
ification will make the chase vehicle system more complex. First, the
reflectors will have to be illuminated. Supplying this illumination
from the chase vehicle will require increased power. Second, some
means will be required to distinguish among the three reflectors, be-
cause the algorithm requires a knowledge of which light is which,

Although we can envision methods for solving these problems, there are
no test data to verify their practicallity. For examp'’e, colored fil~-
ters could be used to distinguish among the reflectors, but there are
no data on how well a color camera could separate the three images, how
much light would be required, or what wavelengths and bandwidths should
produce the best results.

A study of these problems and questions might result in a system that
can be used in a wider variety of missions.

Full-Scale Long-Range Test

Useful data could be collected at low cost by running tests with the
full-scale model's docking aid located outdoors, a full 300 meters from
the television camera. Tests run at various times during the day and
at night would establish how well the system copes with sunlit back-
ground clutter and how effective a shutter would be in rejecting the
background. In these tests, the docking aid would be moved manually,
and no attempt would be made to simulate spacecraft dynamics or control
algorithms.

Acquisition Strategies

The work to date has concentrated on what happens after the video sys-
tem has taken control. If the system is to be practical, it must be
able to Initially locate the target spacecraft. Some effort should be
spent in determining how it will do this. A complicating factor is

that a tumbling target's docking aid may be visible only intermittently.

Camera Mounting

In the present system, the television camera is mounted rigidly to the
chase vehicle. This causes no problems at long range, but in the last
few meters before contact far too much fuel is used in attitude maneu-
vers simply to keep the docking aid within the camera's field of view.
It is pos;:'ble that a gimballed camera could save more than enough fuel

11-2
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tn pay for itself. However, we do not presently have enough informa-
tion to draw this conclusion,

If the camera is gimballed, the control system will need to be modified

to include logic for gimbal control and for determining when attitude
maneuvers are required,

Multiple Docking Aids

if a target is tumbling, the docking aid may be visible infrequently or
may be invisible from the chase vehicle's position. Adding one or two
redundant docking aids to other sides of the target spacecraft would
solve this problem, If the lamps are contrc”led from the chase vehi-
cle, as they are in the present control system, the guidance algorithm
could simply select the docking aid that 1s most easily viewed.

II-3
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III.

B

SIMULATION RESULTS AND DISCUGSION

THE SYSTEM PERFORMED AS EXPECTED

The camera used for the physical simulations is slightly better than
the camera modeled in the software sinulation., The real camera has a
resolution of 188 television lines horizontally by 122 vertically, and
the software model aszumed 128 by 128. Also, the real camera used a
somewhat smaller field of view, whirh made the docking aid larger in
the television images. We therefore expected improved accuracy from
the physical simulation, but not a great deal of improvement.

The test results (Table I1I-1) confirmed these expectations., The posi-
tion errors in the all-sofcware simulation varied from 47 percent at
300 meters down to 3 percent at 20 meters. In the physical simulation,
the corresponding errors were typically between 9 percent (on the dock-
ing axis) to 19 percent (60 degrees off the docking axis) at 300 meters
and 1.5 tc 2.5 percent at the 20-meter range.

Table III-1 Positicn Measurement Epror

Conditions
Light Orientat;;;-.
Error in Image Approx. Distance

Range (Standard Deviation | Camera | (H = Horizontas, from Docking Axis
(Meters) | As Percent of Range) | Moved? V = Vertical) (Degrees)
307 10.91 No \Y 0
298 5.9 Yes H 0
293 7.27 No H 0
212 1i3.11 No H 60
162 0.98 No H 0
160 2.23 No v 0

99 7.39 No H 60

95 9.39 Yes 31 60

91 4.37 Yes H 0

:8 1.58 Yes H n
15 1,26 Yes H 0

13 0.46 No H 0

9 0.51 Yes H 60

8 0.69 too2s H 0

8 1.04 . Nu q 60

5 0.28 | No H 0

4 2.23 JNO H

III-1
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Table III-2 shows the errors in the ueasurements of the camera's posi-
tion in the target spacecraft's coordinate system. These measurements
are not used to estimate the chase veliicle's "state" vector; they are
used only to determine the target's attitude. Thus, even gross errors
are of lirtle consequence at distances over 40 meters.

Table III-2 Errors in Measuremen.. Used to Determine Target Attitude
Conditions
Light Orientation
Error in Image Approx. Distance

Range (Standard Deviation | Camera | (H = Horizontal, from Docking Axis
(Meters) | As Percent of Range) | Moved? | V = Vertical) (Degrees)
307 17.26 No v 0
298 26.95 Yes H 0
293 12.43 No H 0
212 31.29 No H 60
162 2.75 No H
160 5.04 No v

99 8.42 No H 60

95 28.61 Yes H 60

91 7.57 Yes d

58 7.23 Yes H

15 6.77 Yes H

13 4.08 No H

9 3.12 Yes H 60

8 2.53 Yes H 0

8 9.44 No H 60

5 1.19 No H

4 5.04 No H

The error tests were performed two different ways. For the first ser-
ies of tests, we placed the camera at selected positions and took ap-
proximately 12 measurements at each positior without moving the camera
between measurements. In the second series of tests, the camera's at-
titude was changed slightly between measurements so that no lamp's
image appeared twice at the same place in the picture. We found no
consistent difference in the error magnitude, but errors in the second
series were never below 0,51 percent.

11I-2
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The measurement errors listed i{n both tables represent "nolse” or ran-
dom variatfons I{n the measurements, rather than the deviation from co-
ordinates defined by theoretical arguments. We felt the "nolse” lavel

was more useful and more meaningful for four reasoans:

1) In working with the small model, we found thiat our eyes were not
nearly as good as the video system in determining where the theo-
retical docking ax{s was. The most accurate way to align the model
and si{mulator coordinate systemx was to use the video processor.
Further, an error of oonly two degrees in pousitioning the model
could result in an apparent error of over 10 (scaled) meters at the
maxlmam range. We could easily observe such a bias in the data,
but we could not estimite model angles that accurately,

2) In a tiight system, such biases can be eliminated in calibration.

1) For the anticipated applicatfons, an error of one or two degrees in !
determining the location of the docking axis will bhe of little con-
sequence as loag as the system {8 consistent, but random errors
will degrade sysiem performance,

4) When the camera was close to the model, the blases were dominated
by factors {rrelevant to a flight system, such as simulator servo
errors, a shitt of a mill{meter »r a degree in positioning models
between simulatfon phases, eote,

The ultimate performance of a flight system {8 not necessarily limiced
to what we acifeved (n the stmulation, A camera with better resolution
would certalnty help,

TRAJECTORLIES DID NOT CHANGE

The trajectory plots from the physical simulatfion were indistinguish-
able from those produced with the all-softwace simelatfion, The control
system appeared to have the same limttations tn working with tumbling
targets, and, as betfore, the problem was not in measurement accuracy
but {n the control algorithms,

Figures 1ol=1 through 111=" {llustrate typical performance with iner-
tially stable targets and with targets tumbling at various rates about
thelr principal axes. In many cases we could not determine whether the
docking would be succossful, because the simulator reached the limit of
fts travel and the s{mutation had to be stopped. For example, a target
with a high vaw rate can turn 90 degrees before the chase vehicle gets
close, To stmulate the end=-on view that the chase vehicle would have
of the target, the simulator would have to position the camers outside
the room or possibly outdoors, However, the close agreement between
the all-software safmulation and the physical simulation with low-atti-
tude rates strongly suggests similar agreement at higher rates,

II11-3
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(c) (d)
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\
Note:

(b) is a closeup of (a); in (¢), a servo command limit was reached,
stopping the simulation. All simulations looked good as far as they
went.

Figure III-1 Typieal Trajectories with Inertially Stable Targets
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(¢) 2000 degrees/hour
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(b) 500 degrees,hour

(d) 10,000 degrees/hour

. N P
S B, { Jm
| |
Note:

All but (a) stopped when servo limit was reached.
well behaved up to 10,000 degrees/hour.

The system appears

Figure III-2

Trajectories with Various Target Tumble Rates abouc the Roll Axis
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(a) 240 degrees/hour (b) 500 degrees/hour
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Note:

All but (a) stopped in simulation Phase Two because servo limits were
reached. At 2000 degrees/hour, the chase vehicle could not keep the
target in view, but (¢) looked good as far as it went.

Figure III-3
Trajectories with Vartous Target Tumble Rates about the Pitch Axis
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- Note:

Runs (¢) and (d) reached simulator servo limits in simulation Phase
Three. The chase vehicle was not out of control in any of these rums,
although it overshot the docking axis in (d).

s Figure III-4
. Trajectories with Various Target Tumble Rates about the Yaw Axte
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LABORATORY MODELS AND HARDWARE

The laboratory equipment for the simulation included scale models of
the target spacecraft with working docking aid lights and a television
camera mounted on a 6~DOF simulator (Figures IV-1l and IV-2). Video
processing electronics (described in Chapter VI) extracted information
from the television images £ send to the simulation computer.

Figure IV-1 Simulation Camera with Small Target Model

THREE SCALE MODELS WERE USED

Each simulation started at a simulated range of approximately 300 me-
ters, and a 1/100th scale model was used. When the simulated range
reached approximately 30 met-rs, the computer interrupted the simula-
tion to allow the operator to switch to the 1/10th scale model. The
camera then moved away from the model to simulate the position where it
left off, but at a scale of 1/10. Similarly, there was a switch to the
large full-scale model for the final seconds of the simulation.

Iv-1
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Figure IV-2 Simulator with ALl Three Target Models

The use of three models provided increased detail at close range and
reduced the effects of camera positioning tolerances on the simulation
results. It also reduced problems with lens characteristics. Because
the camera used a compound lens, it was difficult to pinpoint the spot
along the optical axis that shculd be considered the camera's "loca-
tion.” When the scale of a simulation is 1/1, this is not much of a
problem because the error will be only about 1 centimeter. But when a
1/100th scale model is used, the uncertainty approaches 1 meter. This
is a significant fraction of the camera/lamp separation near the end of
the simulation., Also, the lens has a minimum focusing distance. Al-
though we found that measurement accuracy did not suffer greatly with
images moderately out of focus, we woculd not trust data taken with the
lens almost touching the model.

The models represented the Long Duration Exposure Facility, modified to
inzlude a nonimpact docking fixture, and the docking aid, which was
mounted in two of the experiment trays. The other trays did not model

specific experiments; they were simply an artist's conception of what
a typical payload might look like.

Iv-2
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Different construction techniques were used for ezch model, The large
model was made of muslin stretched over wooden frames, much like a prop

( for a stage play. In the plane perpendicular to the docking axis, the
model was full scale, but dimensions along the docking axis were short-
ened by 50 percent, except for the docking aid. Only a small portion
of one side of the spacecraft would fit into ihe room, but the model
was large enough to fill the camera's field of view. The three flash
lamps were directly visible in this model.

The medium-scazle model (Figure IV-3) was made of balsa wood and Gator-
board, a paper-covered foam material. The flash lamps were inside the
model, and light was transmitted from the lamps through Lucite rods to
the outside. The ends of the rods were rounded and sanded so that the
transmitted light would radiate in all directions from the end. The
rods were enclesed in metal tubes so that light could not be seen from
any part of the rod except the end. Because the rod stock was 1/10th
the diameter of a flash lamp, the rod end looked very much like a mini-
ature lamp.

3
.
»

~ v
-

Figure IV-3 Medium-Scale Model
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The small model (Fig. IV-4) was also made of Gatorboard. Because it
was too small to hold the flash lamps, the lamps were placed in a
light-tight hox near the model, and the light was transmitted through
the model with fiber-optic cables. Because the diameter of the trans-
parent core of the fiber optic cable was approximateiy 1/100th the di-
ameter of a flash lamp, the roughened end of the calle was used as a
subminiature "lamp,” and the jacketed part of the cable served as its

support rod.

) -

Figure IV-4 Small Model Shown with Medium-Scale Model and Camera
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CAMERA REPRESENTED CHASE VEHICLF CAMERA !

Because the chase vehicle does not appear in the camera's field of
view, no scale model of it was required. In the software simulation,
performed under Phase 1, the camera was not as far forward as it was
for this simulatiorn, and part of the chase vehicle structure would have

appeared in the field of view. We found that in correcting this prob-
lem, we Introduced anr~ther: the field of view had to be wide enough to

allow the camera to see, from its new position, all three lights on the
docking aid in the last few seconds before contact. When we instailed
a wide-angle lens, the lmage of the docking aid at a simulated range of
300 meters was too small for satisfactory operation of the video elec-
tronics because the lamp did not produce enough voltage in the video
signal, The "normal” leuns for the camera, which had twice the focal
length, proved quite satisfactory at this range.

It {s difficult to judge how much of this problem is due to the way the
models are built; a flight system might not have the problem. How~ )
ever, if it does prove necessary to use two focal lengths in the flight ;
system, a lens turret could be used to switch lenses, or two separate
cameras could be used, each with a lens of fixed focal length.

This problem might also be solved by using a different camera technol-
ogy. The simulation camera was a charge-injection device (CID), and
its nolse level was only about a factor of 40 below its saturation
level. Charge-coupled devices (ZCD) with considerably better charac-
teristics are avallable, and both technologies have improved since our
camera was manufactured.

The CID camera has one feature that 1s very useful in this applica-
tion: 1t can cope with images whose brightness is far above the satu-
ration level without "bleeding” from the bright spot into other parts
of the plcture. Such an image on a CCD camera may cause an entire col-
umn of the image, or even the whole image, to turn solid white. Fur-
thermore, the CID camera does not have the after-image problem that
other types of cameras have,

SIMULATOR POSITIONED THE CAMERA

The characteristics of the simulator we used are summarized in Table
IV-1. 1Its characteristics determined, in part, what could be s!mu-
lated. For example, because the model did not move during the simula-
tions, the simulator could not place the camera in a location to simu-
late an initial target yaw of 90 degrees; the camera would have to be
outside the room. Similarly, there were times during a simulation at
which an unrealizable position was required, and the simulation had tn
be terminated. In general, this occurved only with high target atti-

tude rates; thus, it was possible to simulate a wide variety of
conditions.

[P S
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Table IV-1 Simulator Characteristics OF POOR (_JALITY

Axis

X y z Yaw Pitch Roll
Travel | 4.56 m 1.84 m 2.99 m 3.19 rad | 3.18 rad | 6.50 rad
Speed 9.1 cm/s | 8.7 cm/s | 7.9 ecm/s | 3 mrad/s | 3 mrad/s | 3 mrad/s

~

The simulator was controlled by analog position command voltages from
the computer. Because the simulator used position servos, the timing
of the commands was not critical. If the computer did not respond
quickly, the servos simply held the camera until the computer vas ready.

Iv-6
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CENTROID DETECT(R ALL DIGITAL

The video _<c. o ::g electronics uses a digital implementation of the
centroid~- . ~ '2*.on algorithm described in Chapter 1V of the Phase 1
finai re- .- . found that an analog implementation ~anuot cope with
the extt » . ,uamic range in the data it must process for a full ren-
dezvous ne :ocking operation., The centroid calculator's integrators
must, fu¢ example, haudle images in which the image of a flash lamp is
in the ceter of the image and fills a miniscule fraction of the field
of view. Tt must also handle the case in which a flash lamp's image is
in the corner of the television picture and f'lls an appreciable frac-
tion of the field of view. The ratio of two of the integrators' out-
puts in the latter case to their outputs in the former case can be
50,000:1, If the nois~ level is to remain below 10 percent of the sig-
nal over this dynamic range, the integrator must provide a signal-to-
noise ratio of approximately 130 decibels. It is not practical to
build such an integrator with analog circuitrv.

The dynamic range could be made manageable if the camera used a zoom
lens, but this solution introduces other complications. First, the
zoom lens would need some kind of servo to control it. Second, using a
lens of long focal length at the start of the rendezvous operation
would greatly complicate acquisition and tighten attitude control re-
quirements. We concluded that the digital approach would result in
minimum system cost for a given level of performance.

The digital circuit uses "thresholded” video: the circuit converts
portions of the picture, where the signal voltage is greater than a
reference value, to pure white. All other portions of the imuge are
converted to pure black. Thresholding has both advantages and disad-
vantages., Among the advantages are:

1) Improved rejection of background clutter; only the flash lamps will
be visible in the image.

2) Simpler electronics; multiplication of the video by the deflection
is reduced to a gating operation.

3) Potential adaptation to adverse lighting conditions; the computer
could adjust the reference voltage until the white area in the
image matches expectations for the estimated viewing position. The
system might be ahle to cope with unexpected sun glint from a shiny
surface by using this apnroach.

The main disadvantage is the all-or-nothing nature of the calculation.
If the lamps are not as bright as 4 shiny part of the target space-
craft, they might be ignored altogether., Usually this situation will
be detected for two reasons, First, the system always examines an

V-1
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image in which no lights ave flashing and subtracts the values it re-
ceives from che video electronics on this frame f--am the values it re-
ceives on all other frames. Because the no-lamp image does not have
time to change much between measurements, the regsuitant lamp area in
the image w:ll usually be close to zero or may be negative. Ihe image
interpretation algorithm can detect this kind of error and ignore the
measuresent, Second, even if the data wasquerade as legitimate data,
the image interpretation routine will generally , rovide a position
measurement that 1s grosely different froem what the Kalman filter i=s
expecting., If the filter receives such a measurement, it will ignore
it., However, to minimize the problem, the target space.raft shoulu not
have shiuy surfaces near the flash lamps. It would also help if the
camera were equipped with a shutter that opens only during the flash.
A shutter can reduce background clutter by a factor of 30 without at-
tenuating the flash.

The Jdigital implem:ntation of the algorithm appears miich more complex

than the analog version, but it consumes only about twice the circuit

card area., The algorithm and circuir details are discussed in Chapter
Vl.

IMAGE INTERPRETATION WAS IMPRCvED

In the all-software simulation developed under Phase 1, image corrup-
tions were simulated by adding random numbers to lamp-image ccordi-
nates. Because this approach wmade singularities highly unlikely, the
scene-analysis subroutine (POSIT) Jdid not thoroughiy check for them.

When the subroutine was used with real imagery, we found that these
singularities occur several times during a docking opera:ion, because
the television image comprises a finite number of lines and coluans,
The subroutine can no longer ignore the possibility tiat two lamps wiill
lie on the same horizontal or vertical 1line {n the image.

The improved versiorn of subroutine POSIT tests for singularitiex, When
it finds one, it uses an alternate fornula to interpret the image
Because the alternate formulas are derived from the normal formula by
extracting limits, we will first consider the normal formu~ .

Subroutine POSIT calculates the position of the chase vehicle in the
docking aid's coordinate system (Fig. V-1). Some simplification can be
gained by wurking with image-plane quantities that are independeat of
camera rotatiou about the line of sight, Figure V-2 illustrates the
set of quantities used in the formulas in the subroutine. These quan-
tities can be measured on the image and can be defined in terms or the
image-plane coordinates of the three lamp images, (uy,vy),

(ug,vy), and (u3,v3):



a' s half the lergth of the line connecting (uj,vy) to (uj,v3);

b' is the length of the line that connects (uj,vy) to the midpoint,
(up,Vp), between (uy,vy) and (uj3,vjy;;

(uc,ve) 1s a point on the line between (u;,vy) and (u3,v3)
at which a perpendicular to that line passes through (u2,v2);

h is the length of the line connecting (u.,v.) with (ujs,vy).

ORIGINAL PRCE 18
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Docking Aid on
Target Spacecraft

Television Camera
on Chase Vehicle

Note:

Subroutine POSIT computes the vector r from au analysis of the video
imagery. The lengths a and b are 1 meter in the simulation, but the

formulas do not require any specific lengths as long as a and b are
known.

Figure V-1 Definition of Docking Aid Coordinate System

(uz, v2)

Figure V-2 Image-Plane Quantities Used for Analysis
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The length a' 1s found by the Pythagorean theorem:

a” = 0.5 /(U3 - ul)z + (V3 - Vl)z

The slope of the line cr-uaecting (uj,vi) te (uj,v3) is

vy - V3
s i e—— .
u) - uj
ORIGINAL PAGE IS
The slope of the line of length h is Or POOR QUALITY
s’ = -1/s .

Thus, the equations of the latter two lines are

v =s5(u-u) +v;

v=s5"(u-up) +vy.

The intersection is found by setting these expressions for v equal to
each other:

s(uc -up) +vy = s‘(uC - up) + va,
which can be manipulated to give

vo = vy + su] -~ sTuy

u_ = =
Cc S = 8§

If u. substitutes for u in Eq 5,

v =8"(u -u + vy
c (c 2) 2

New h can be computed by the Pythagorean theorem:

h = JQ;C - up)? + (vc - vy)? .

Similarly,

he = Jva - \'2)2 + (um - uz)2 .

where v, = (vi +v3)/2 and u = (u +uy)/2 -
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We now have formulas for a', b', and h in terms of lamp coordinates in
an image. Furtherwore, these formulas are accurate in spite of any
rotatfon about the line of sight except at a few singu’arities, which
we will d!scuss later,

Now consider the three orthographic projections shown in Figure V-3,
The arrow is a unit vector that points to the observer, The coordi-

nates of {ts tip in the docking-aid coordinate system are (-x,-y,z),
where the uinus signs are used to make all the quantities positive,

The orthographic projection, in which the vector appears as a point,

will approximate what the velevision camera sees. The image is only an
approximation for two important reasons:

1) It is too large, by the ratio r/f, where r {s the di{stance {rom
camera to target and f is the camera lens focal length. This fact
will be used to advantage in calculating range.

2) 1t fgnores perspective effects, The image distortion from perspec-
tive effects becomes significant at close range. However, in prac-
tice the error in image interpretation caused by ignoring the ef-
fects is small.

zb
L v

[ - -
v X + z \3,/'

Figure V=3 Orthographic Projections Uged to lerive Formulas
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The projections of Figure V~3 were produced by graphical construction.

All the labeled dimensions can be determined from the drawing by find-

ing similar triangles, noting that x* + y© + 22 = 1, and applying

the Pythagorean theorem. These techniques provide the following formu-
las for a', b', and h:

“=a Jx®+22;

M
[

where a and b are the distances on the target spacecraft whose projec-
tions are the lines labeled a' and b' in Figure V-3. 1In the simula-
tion, a = b = 1 meter, but the formulas do not require any particular
values.

If we define

jg'b)? = x% + z2
L @2 y2 422

D

then by substitution, we can define

e = + 2
K A.b 1 +0D 1 z ,
2h /D 2z
which relates a set of observable quantities to the observer's posi-
tion, From this definition,

z2 - 2kz + 1 = 0,

which can be solved by the quadratic formula to give

z=k- Jk2 - 1.

Then substitution gives expressions for the other observer coordipates:

we

——— =
P
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Now ( x y z ) is a unit vector in the direction of the observer if
the signs of x, y, and z prove correct; all the squaring and extract~-

ing of square roots have destroyed sign informaiZion. Wc¢ will now re-
store the <igns.

First, note that the formulas for x and y :.3ys give a positive an-
swer, The formula for z also gives a positive answer, although it is
less obvious, We can therefouire simply multiply the vector elezents

- that should be negative by -1.0.

The x component will always be negative, because the lights cannot be
seen if the observer's position has a positive x component: the target
spacecraft will be in the way. We can therefore unconditionally multi-
ply the x component by -1.0.

The y component should be negative if the center light appears closer

to the right-hand light than to the left-hand lignt in t.ae television

image. The lamp-image separations can be computed by the Pythagorean
' theorem; the y component should be negztive if

[20] /(01 - up)2 + (v - v2)2 < [luz - u? + (v3 - v2)2,

We can save some computation by comparing the squares of the lengths
rather than the lengths themselves:

if (uy - u)? + (vy - v2)2 < (u3 - up)? + (v3 - vp)2 lety = -y »

To test for a negative z component, the computer need only decide
whether the center light appears above or below the line joining the
other two lights. However, the definitions of above and below should
not change if the camera rotates about the line of sight, The test
used in subroutine POSIT is the sign of the nonzero component of the
cross product of two vectors. The first vector is a line from the left
lamp to the right lamp in the image. The second vector is the line
connecting the point (u.,ve) to the center-lamp image (uZ’VZ)' if

the third compenent of

uz = Wy uz = uc
[21]

vi-v| X v2 - v,

( 0 0
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is positive, the center light is above the line joining the two side
lights, no matter how the camera is rotated. This test can be rewrit-
ten as

if (uz - up)(vy - Vc) > (v = v (uy - uc) let z = - 2 -

If we can compute the distance from the docking aid to the camera, we
can compute the camera's coordinates by multiplying x, y, and z by this
distance. Recall that the construction in Figure V-3 makes the image
larger than what the camera sees by a factor of r/f, where f is the

known lens focal length a-1 r is the docking-aid-to-camera distance we
are seeking. Because a' in the figure is a/ x“ + 2%,

r_a /x2 + 22
T a“

or

Thus, the camera's position in a coordinate system centered at the base
of the docking aid is

XY
yr .
zr
The remainder of the simulation program needs to know the position in a
coordinate system whose origin is at the center light. The difference
is simply adding b to the x component of the position:
xr +b
yr .
2r

The formulas in subroutine POSIT are exactly those we have just dis-
cussed, but with the notation differences shown in Table V-1.
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Notation in Formulas Notation in Subroutine

a, b, h, D, 8, u, v [Same as Formulas]

X, Yy 2 Xp, YP, ZP

r RHO

s, a’, b~ SP, AP, BP

U Vo Yo Vo UM, VM, UC, VC

k AK

f FOCLEN

{Final Position Vector] RELPOS

Up to this point, we have ignored several possibilities that could re-~
sult in division by zero when a computer tries to solve an equation.
Subroutine POSIT uses the formulas we just derived, unless it detects a
condition that would lead to division by zero. These formulas are pro-
vided in Appendix A between statement 20 and statement 30 and in all
statements after statement 60 of subroutine POSIT.

The rest of the subroutine tests for perverse cases (s=0, h=0, a'=0, or
b'=0) and uses alternate formulas, These formulas are derived from the
basic formulas by extracting the limit as some parameter approaches a
critical value, All the formulas are therefore equivalent to those
derived here,

For example, if u} = uj,

-

a” = 0.5 /(u3 -up)? 4 (v3 - v = 0.5 |vy - vy,

which results in a simpler formula for a', but

Vi T V3 vy = V3

S- -

u; —- ujy 0

which would be an error. However, we can s.J. ltute the expression for
s iato each subsequent formula where s is used and extract the limit as
u) approaches uj:

-(uy - u3)
S‘N—_——-

Vi = V3
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u = H )
[
vy~ V3
u] = uj

vy - V3
u, = (v = v1)(u - u3) +_\71_-_v—3- up .

The limit as u; approaches uj is

V] - V3
Yo T V] - V3 U1

or
uc = ul .
Similarly,

Vo = Vi and

and

h= |u - up].
There is one situation in which nothing can be done: 4if all the lamps'
images are at the same point, the subroutine cannot determine anything
except the direction to the target. In this case, the subroutine re-
turns a default set of coordinates so that processing can continue.
These coordinates are subsequently thrown out by the Kalman filter su
they do not affect navigation.

THE KALMAN FILTER HAS TWO IMPROVEMENTS

The Kalman filter has been changed very little from the original imple-
mentation reported in the Phase 1 final report, The state variables
are still the three-pnsition and three-velocity vector components, and
the reference frame is still the nonrotating "primary"” reference frame,
which is centered at the target spacecraft's center of mass and aligned
with the chase vehicle's body coordinate system at the moment the video
guidance system takes control, The filter is still used to derive ve-
locity from position measurements, to improve estimates of position,
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and to allow dead reckoning when the camera cannot observe the docking
aid.

Only two changes have been made: the filter now rejects "unreasonable"
data. and the algorithm used for dead reckoning for attitude control
has been completely revised.

Reasonableness Check

The original Kalman filter weighted each measuremenc according to the
confidence it had in the measurement versus the confidence it had in
the position estimate provided by its mathematical dynamics model. It
did not check measurements for reasonableness, so a single measurement
that was orders of magnitude off could turn its estimates into complete
nonsense. Because reflections from shiny surfaces and similar problems
may occasionally produce faulty measurements, we added a test that
throws out data that grossly disagree with the mathematical model.

Along with the state estimate, the model computes the likely error in
the estimate. The error information is in the form of a covariance
matrix, P, The diagonal elements of P correspond to the variance, or
the square of the standard deviation, of each of the state elements.
Matrix elements off the diagonal indicate how errors in one state ele-
ment correlate with other elements. For example, if P(1,2) is posi-
tive, it indicates that elements 1 and 2 of the state estimate vector
tend to have errors that are off in the same direction: 1f one is too
high, the other probably is also too high. If P(1,2) is negative, the
errors in the twc elements have the opposite relationship., If one ele-
ment is too high, the other is probably too low.

A simple scalar test does not take these interrelationships into ac-
count; the filter uses a more complex test that does. To test a meas—
urement, subroutine INCORP computes

c=(m-e% @-e,

where m 1s the measured position vector and e is the estimated posi-
tion, the first three elements of ESTATE. The scalar ¢ is a measure of
how the error compares with the expected error.

If the errors have a Gaussian distribution, values of ¢ greater than
2.4 can be expected about half the time, and values greater than 11.3
can be expected about 1 percent of the time. The subroutine throws out
measurements that produce values of ¢ greater than 16. In normal oper-
ation, such errors should occur only once or twice in a docking
operation.

In practice, we find that these errors occur more often because the

istribution is not Gaussian. However, the largest number of thrown-
out measurements occurs at the switchover from one scale target model
to the uext at the end of a simulation phase. No matter how carefully
we aligned the models, we could not align them accurately enough to

V=11
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keep the filter from detecting the difference, because the filter's
state estimates at the time of the switchover are very good and the P
matrix reflects their accuracy. The filter usually throws out several
measurements before the probable error in its estimates increases
enough to allow it to accept new measurements,

This problem introduces a philosophical question: should the computer
program faithfully represent flight software, or should it be adjusted
to accommodate the shortcomings of a physical simulation? We chose to
allow the system to reject a few measurements. The decision does not
appear to affect control system operation significantly because the
misalignments are small.

Dead Reckoning

We completely revised subroutine ESTRPY. Thir subroutine allows atti-
tude control when the chase vehicle cannot observe the docking aid.
Its output is a vector of pointing errors, RPYERR.

The first element of the vector is the roll error. ESTRPY always re-
turns a value of zero for this element, because it has no rational
basis for estimating roll errors. The effect of returning a zero is
that the chase vehicle will not attempt any roll corrections.

To compute pitch and yaw errors, which are the next two vector ele-
ments, ESTRPY first computes a unit vector (expressed in the chase ve-
hicle's coordinate svstem) that points to the target:

r=-hellel,

where
r is the unit vector;

A. (represented in the program as ACV) is the direction cosine matrix
that describes the chase vehicle's attitude with respect to the "pri-
mary” reference frame;

e is the first three (position) elements of the state estimate vector
ESTATE.

The p.ojection of this vector onto the chase vehicle's y-z plane pro-
vides a synthetic "image” of the target from which yaw and pitch errors
can be estimated: the pitch error is ATAN2(r3,r;), and the yaw

error is ATAN2(-rj,ry), where ATAN2 is the FORTRAN two-argument arc
tangent function.

The values calculated by this method are only approximations, but they
are adequate to get the target back into the field of view.

v-12
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ERRORS IN THE SIMULATION PROGRAM WERE CORRECTED

Two errors were found in the simulation program used in Phase 2. Nei-
ther error alters the control system's performance enough to change the
study conclusions.

The first error was a typographical error in subroutine QUATRN. In the
formula for the variable QT(2), one subscript was wrong. This caused
errors in measurements of the target spacecraft's attitude.

The second error was in the computation of "true" chase vehicle atti-
tude. Subroutine LPRIME implemented a formula that was simply wrong.
The error was introduced during a program modification to change the
coordinate system used to express angular momentum. Its effect is a
small fictitious torque on the chase vehicle. Because the magnitude of
the torque is only about 1 percent of the torque from the thrusters,
the error caused no observable change in spacecraft behavior. The cor-
rection affects subroutine LPRIME and the line in subroutine STPRIM
where LPRIME is called.
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VI. VIDEO PROCESSING ELECTRONICS

i A. OVERVIEW

The video processing electronics (Figure VI-1) implements the cen-
troid-calculation portion of the algorithm described in Chapter V, Its
inputs are video imagery from a television camera mounted on the simu-
lator and control signals from the simulation computer. It produces

& nunbers from which the computer can calculate the location of a flash

b lamp's image in the television picture,

2T

a

i ‘

s

Figure VI-1 Video Processing Electronics

The television camera used in the simulation divides an image into
45,872 tiny spots of light arranged as a rectangular array of 244 lines
by 138 columns. (Although there are 244 lines, the vertical-axis reso-
lution is only 122 lines, because the detector elements are rescanned

i to create a signal compatible with standard video monitors.) The cam—

’

era senses the average brightness of each spot of 1lizht and .roduces an

Vi-1

P, o — = <=
s oL .



electrical voltage that is proportional to the brightness, It cannot .
detect image details within a spot; it can measure only the average ,
brightness of the spot as a whole. The spots are called "picture ele- I
ments,” or "pixels™ for short.

The camera "scans™ what it sees, much as a reader scans a page of

text, It starts in the upper left corner of the picture and, reading
from left to right, sends the voltage for each pixel in the top line to
the video processing electronics, one at a time. Along with the pixel
voltages, it sends a logic signal called the “pixel-rate clack,” which
1s a series of pulses, 1e for each pixel. The video zlectronics uses
these pulses two ways., First, the pulses tell the electronics exactly
when each pixel is sent, so the electronics does not miss any pixels or
examine any twlice, Second, by counting the pulses, the electronics can
keep track of the current column number. After the first line has been
sent, the camera begins sending the second line, and so on., At the
start of each line, tbe camera sends a second logic signal called the
horizontal sync pulse, which helps the electronics identify the first
pixel in each line. Similarly, just before the first line, the camera
sends a third logic signal called the vertical sync pulse, which helps
the electronics recognize the first line of a new "frame" of imagery.
The camera used in the simulation provides each of these logic signals
on a separate wire,

The video procassing electronics first converts each pixel to an "on-
or-off"” gignal. The effect ig similar to a black and white television
with the contrast very high; there are no shades of gray, only white
and black or on and off, If the flash lamps are much brighter than the
rest of the scene, this process leaves all the pixels "off" except for
the few that represent the image of the flash lamp., The electronics
uses three counters and two adders to find the coordinates (column and
line aumbers) of the center of the cluster of "on" pixels. This center
is called che center of brightness or "centroid.,” The "pixel counter”
counts the number of "on" pixels, the “column counter" keeps track of
the current column number, and the "line counter™ keeps track of the
current line number. Each time an "on" pixel is detected, the column
and line adders add the values in the column and line counters to to-
tals maintained in two data storage circuits called accumulators.

After the *mage {s fully scanned, the coordinates are found by dividing
the values in the accumulators by the number of "on" pixels,

When the camera starts to scan an image (Fig. VI-2), the adders and the
pixel counter are all set to zern, the column counter is set to -103,
and the line counter is set to +122, These starting values cause row 0
and line O to be in the center of the framr, During the scan, the col-
umn counter counts from =103 to +93 for each line. The first pixel of
the line 1is received when the count 18 =94, because there is a delay
between the end uf one line and the start of the next. At the eud of
each line, the column counter is reset to =103, and the line counter

counts down first to 121, then to 120, and so on to -121 at the bottom
line of the image.

VI-2
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-103 -94 0 +33
L 244 lines
N
/ A\ T
- _4_ {0
\ o1
o
. 188 Columns —
' Active
-l - 9 Columns with
no Video Data
L L-121
Interline Picture Area
Delay

fors T

One of two "fields” is shown. Each field ccitains the same information.
Within each field, pairs of lines ~zontain the same inforaation, so the
effective vertical resolution is 122 lines. Columns -103 through -95 do
not ¢ atain video information.

Figure VI-2 Television Image Line and Column Scheme

Consider what happens if cnly three pi.els ir an image are “on,” and
their (column,line) ccordinates are (0,-2), (1,-2), and {2,-3). The
system computes the average columan by adding the three colvmn numbers
(0+1+ 2 =3) and dividing by the number of pixels that were "on."
The result is 3/3, or column 1. Similarly, it computes the average
line by adding the three line numbers [( -2) + ( -2 ) + ( =3 ) = -7 ]
and dividing by the number of "on" pixels: the average line number is
(-7)/3 = -2.333.

The electronics itself does not perform the division. It just supplies
the numerator and denominator to the simulation computer, and the com-
puter performs the division. The electronics, therefore, has the sim-
ple job of compucing tl.ree totals: the sum of thc column numbers, the
sum of the line numbers, and the nuuber ot “"on"” pixels, It updates

e ch of the three totals each time it recelves an "on" pixel,

In this example, the first "on" pixel is detected in line -2. The col-
nmn accumulator has 0 added to 1it, the line accumulator has -2 added to
it, and the pixel counter 1s incremented by 1., At the rext pixel, 1 is
added to the column accumulator and -2 to the line accumulator, aund the
pixel counter is incremented again. In the next lire, 2 is added to
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the colum.. accumulator, =3 is added to the line accumulator, and the
pixel counter is incremented a third time. Thus, at the end of the
3Cau, tine ~oluma accumulator contains 3, the line accumulator contains
-7, and the pixel count is 3. ividing the column and line values by
the pixzcl count gives the average coordinates of the "on" pixels,
(3/3,-7/3). 1In other words, column 1, row -2.333 is the location of
the centroid.

CIRCUIT DETAILS

The hardware for the simulation consists of five major sections:
1) The Prime 550 simulation computer;

2) The video processing electronics;

3) The computer terminal;

4) The General Electric TN-2000 charge-injection device (CID) televi-
sion camera;

5) The 6-degree~of-freedom simulator.

The simulation computer sends servo commands to the simulator and con-
trol signals to the video processing electronics. The camera sends
video imagery and timing signals to the video electronics, which, in
turn, sends its analysis of the imagery to the simulation computer and
passes normal text from the computer to the terminal. The operator
uses the terminal to type commands to the ccmputer. The intercounec-
tions are shown in Figure VI-3.

Simulation ' Analog -} Simulator
Computer | Serial Data Servos
e e
) s
Parallel Analog
Data . - Flash
| Serial | |\ ) Box
‘ i ———\
6
Video
Processing | = Logic Signals
Electronics - Togic Signals gzizzision
Video

Figure <VI-3 System Interconnections
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Only the video electronics was designed for this contract; it is ex-
plained here in detail,

The video electronics comprises eight sections:
1) Microprocessor;

?2) Synchronization with camera;

3) Comparator;

4) Counters;

5) Accumulators;

6) Multiplerxer;

7) Drivers;

8) High-voltage flash box.

At the hub of the communications between the video electronics and the
simulation corputer is an MC68701 microprocessor. Its job is to pass
data between the computer and the terminal., It also intercepts data
intended for the video electronics by recognizing speclal characters in
the text,

A separate section ef the video electronics synchronizes the requests
for action intercepted by the microprocessor with the start of a video
image from the camera.

A comparator conver.s the video signal from analog to digital form.

The reference voltage used in the comparison is generated by the simu-
lation computer and varies during a simulation. The digital signal is
“true” ("on") for a pixel in which a flash lamp is detected and "false"
("off") when a flash lamp is not detected.

There are three counters in the video electronics, The first counts
the "on" pixels detected by the comparator. This is the "pixel”™ count-
er. The second or “"column” counter counts up one count for each pixel
in a line, whether the pixel is "true” or "false.” This count starts
at a negative value so that a count of zero occurs in the middle of
each line, negative numbers occur in the left half frame, and positive
numbers occur in the right half.

This third counter, or "line" counter, counts lines in the image. It
starts counting from a positive value and ccounts down, so zero again
occurs in the middle of the image. The count is positive for the top
half of the frame and negative for the bottom half.

The outputs from the column and line counters are fed through adders to
two accumulators, which are nlocked by a pixel-rate “count load” clock
signal that is synchronized with the camera. They accumulate counts
from the column and line counters each time the comparator detects a

VI-5
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pixel with voltage exceeding a "threshold” value; the count in the -
column counter is added to the column accumulator, and the count from
the line counter is added to the line accunmulator. Because pixel volt- N
age normally exceeds the threshold only for nixels that represent the

image of a flash lamp, the circultry calculates the number of pixels

that are in the image of the lamp, the sum of the row num'ers, and the

sum of the column numbers for these pixels.

After a flash has occurred, data from the pixel counter, the column
accumulator, and the line accumulator are fed to a multiplexer. The
output of the multiplexer goes to differential drivers, which send
these data to the simulaticn computer,

The aigh voltage flash box contains the voltage doublers and trigger
circuit to fire the xenon flash lamps. The interconnections among
these sections are shown in Figure VI-4,

Serial Data

s Out
Serial o1 Microprocessor f— Counters -
Data In
8 Logic

> Signals ! Multi- e
Clock & ! . Plexer |parallel
Sync  —e|Synchronization | Accumulators| Data
Pulses -

‘ -
Video—s] Comparator Flash

Box

Figure VI-4 Interconnections within Processing Electronics

Microprocessor

The microprocessor examines the data sent from the simulation comput-
er, If the data are intend~? for the operator, the microprocessor
sends them to the terminal. If the data are for the video electronics,
the microprocessor intercepts and directs them to the electronics.

This is accomplished by preceding the data for the electronics with an
ASCII “escape” character. The microprocessnr checks every character
sent by the computer. Tf the character is not an escape, the micro-
processor sends it to the terminal, If an escape is detected, the next
character received is sent to the electronics through the microproces-
sor's parallel cutput port, P4, Port 2, bit 3, is used as a serial
input port from the computer, and port 2, bit 4, is used as a sgerial
output port to the terminal. An MCL4B8 and MC1l489 convert between
logic circult voltage levels and RS-232C levels so that the simulation -
computer can cnmmunjcate with the microprocessor, The configuration is }
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ahown {un Flgure VI=S5, and a tlow chart of che microprocoessor flrmware
appears {n Figure Vi-b,

MERERE . o
Computer RS2 320 Serial Daca - -
S
8
RS20 Microprocassor * Discrete
Ve 'a *
Serial Data Qutputs
pmeme—
| m—
RS 2320
Serial Data
Fronre Vied  Scheme Ur BrtmaotOig coreada S Serial Line
Got Chavacter
MWy "
Escape ¥
< Charnctor///,,
i ¢ Y
tot Character Send Character

to Terminal

!

sond Charactor
to tovt P4
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All eight bits of the P4 port are used. The assignments a~2 shown in

Table VI-1. The signal names will be explained as their .estinations
are discussed.

Table VI-1
Uses of Bits or Port P4

Bit Number Signal Name
ONE

TWO

THREE

REQ

NEXT

ZERO

CMUX

GOTIT

~NjlofUn I ST IO

The microprocessor circuitry is shown on Sheet 1 of the schematic dia-
grams in Appendix B, and the firmware for the microprocessor is pre-
sented in Appendix C.

Synchronization

There are several asynchronous events that must by synchronized in
order for the data to be valid:

1) Start:

- Start of a frame of video imagery,
- Request for a lamp to flash.

2) Mille:

- Counters,
- Comparator.,

3) End:

- Last load,

- Data valid,

- Reset arithmetic/logic unit,
- Change multiplexer,

- Reset multiplexer,

The video picture consists of two half frames or fields, which are in-
terlaced to create the picture. In a broadcast—-quality camera, these

VI-8
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fields are slightly different: the first field contains the odd-num- :

bered lines of a 488-line image, and the second field contains the

even-numbered lines, The phasing between the horizontal and vertical

sync pulses is different for the two fields: the hcrizontal pulses in

the second fleld are delayed by half the time required to scan a line

so that a television set will "paint” the lines of this field between

the lines of the first field. However, the camera used in the simula-

tion does not have the resolution of a studio camera. It has only 122

lines of detector elements and must rescan each line to create a

244-11ine field. To create a second field, it repeats the first field

with the half-line delay to simulate scan interlacing. This makes the

camera compatible with a standard television signal, but the second

field contains no information that was not in the first field. Because

all the information is contained in each field, the video electronics

uses only the first field.

Start Synchronization

To ensure that the same half frame is used in each image analysis, a
singleshot is used to shorten the vertical sync pulse from the camera.
The shortened pulse is "ANDed" with the horizontal sync pulse. When
the start of a frame occurs, the "ANDed" signal goes high. This signal
is inverted and used to set a 74279 set-reset latch., The latch is
cleared on the next occurrence of a vertical sync pulse. The setting
of the latch is prevented during the start of the second half frame by
the shortening effect of the singleshot (Figure VI-7). The result is
that the electronics will always wait for the proper half frame.

(1)
Vertical Sync — 5 51_ 7 S S"L_
(2)
Shortened M ¢ g Im ¢
Vertical Sync 5
(3) M B
Horizontal Sync § S‘J—l‘ S ‘J-ls 5'*J
(4) B L
Signal (2) 5§ )
"ANDed" . '
with (3) (a) First Half Frame (b) Second Half Frame

Figure VI~? Timing of Signals Used to Identify First Field

The request for flash must also be synchronized with the start of a
frame. There are five signals associated with the flash request. Four
of these are the flash lamp numbers O to 3 (0 indicates "no flash"),
and the fifth is a "flash request.” These five signals come from the
microprocessor, which receives them from the simulation computer. The

e paren e e
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flash request is delayed by a singleshot and then used to latch the -
flash lamp numbers into the "flash latch,” Only one lamp number is 4

active (high) at a time. The outputs of the flash latch are sent to ~
four two-input AND gates., The other input to the gates comes from the

"ANDed"” start-of-frame signal. The outputs from the AND gates go to

drivers, which send the signals to the high-voltage flash circuit for

the flash lamps., The AND gate outputs also go to two OR gates and an

"exclusive OR" gate, The output of the exclusive OR sets the circuitry .
of counters and accumulators into action by triggering a singleshot

whose output sets a count latch and clears the flash latch.

Middle Synchrouization

The column counter and the line counter must be synchronized with the
camera, This synchronization requires two logi~c signals scat from the
camera, the column clock and the line clock. These signals increment
the column counter and decrement the line counter, respectively. Be-
cause these signals are active even when they are not needed, the load
signals CCNTLD and LCNTLD are used to control them. CCNTLD, the signal
resulting from "ANDing” the count latch ari the horizontal sync, pre-
sets the column counter at the start of each line and disables the
counter when a flash is not in progress, LCNTLD, the the count latch
signal "ANDed” with the vertical syac, presets the line counter at the
start of each frame and disables the counter when a flash is not in
progress,

A comparator compares the video signal and a reference voltage. The
output of the comparator is a loglc signal that 1s zero when the video
signal is above the reference voltage. This signal is inverted and
disables the reset on a pixel latch, The set signal to set the latch
comes from the column clock. The output of the pixel latch is put into
an inverter with a capacitor and an AND gate. The configuration of
latch, inverter, capaclitor, and AND gate prevents multiple counts or
missed counts of thresholded pixels. The output of the AND gate is
"ANDed” with the output of the count latch to produce a load pulse.
This pulse increments the pixel counter and loads the column accumula-

tor and line accumulator with the current values in the column and line
counters, respectively, This occurs every time the video contains a
pixel with voltage that exceeds the reference value.

End anc

After half a frame, the vertical sync occurs, and a number of events
occur:

1) The count latch is cleared, which causes

2) The signal DATACLK tc clock the final data into the output regis-
ters of the accumulators and pixel count register;

3) "DATA VALID" is set;

4) After a delay through a singleshot, the signal RESET ALU becomes
low.

Vi-10
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The simulation computer waits for the data valid signal after issuing
the request for a flash. When the data are vallid, the count of pixels
18 read. The computer then issues a NEXT command to the microproces-
sor, which passes it on to the multiplexer address counter. The count-
er increments and the outputs of the counter are used to select the
next inputs for the multiplexer. Then the data in the column accumula-

tor are read by the computer. NEXT is issued again, and the line data
are read, NEXT is issued one more time to:

1) Clear the accumulators;
2) Clear the pixel counter;
3) Clear "DATA VALID."

Finally, CMUX is issued to reset the multiplexer address counter for
the next sequei-e,

Throughout the flash sequence, the signal "GOTIT" is toggled for each
request from the computer, This signal 1s produced by the computer and
fs fed back to the computer to establish bidirectional handshaking be-
tween the video electronics and the computer,

Comparator

The comparaitor, an IM319, compares the video signal to a reference
voltage from digital-to-anilog converter channel 8 of the simulation
computer, Because the voitage has a +/-10 volt range and the video
signal cannot exceed one volt, tho reference voltage is divided by two
reststors to produce a range of +/-1 volt at the comparator,

Counters

The three counters are 74LS169's, The column counter counts from =103
to +93. The line counter counts from 122 down to -121., Only eight
bits are reo'red to count in these ranges, so two 74LS169's were used
for each coun,..>r, The pixel counter must be able to count every pixel
{f all arc above the reference voltage. Because there are 188 pixels
fn a line and 244 lines, 45,872 {s the maximum count for thls counter,
Five 74LS169's were used for the pixel counter to allow for possible
future use of both video fields.

Accumulators

The counts {n the column and line counters must be accumulated every
time the comparator detects an "on" pixel, Because the counts may be
efther positive or negative, the greatest possible total would accumu-
late 1f half the columns and half the lines were counted. This is a
count of 122 columus and 94 lines. Counting every pixel for this case
ylelds a total possible count of 1,089,460 for the column accumulator
and 110,564 for the line accumulator, or 22 bits and 21 bits, respec-—
tively, including the sign bit. To meet this requirement, six AM2517 :
four-bit arf{thmetic/logic units (ALU) were combined with three 74LS377
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registers to make a 24-bit adder-accumulator. The signal "RESET ALU”

controls the ALU function: 1if a reset is to be performed, the function 1
is "F=0"; otherwise the function is "A+B”., The data from the counters ~
are added into the A inputs with the sign bit extended. The output of

the 74LS377 registers is fed into the B inputs and into the inputs of

the data multiplexers.

Multiplexers

A four-input multiplexer, comprising twelve 74LS153 dual four-input

multiplexer chips, selects the data to be sent to the computer. Table
VI-2 shows the select codes that control the multiplexer.

Table VI-& Multiplexer Data Addressing

Data Sent to Simulation
Control Code Computer
00 Pixel Count
0l Column Accumulator
10 Line Accumulator
11 (Unused)

A 74LS169 counter is used to select the multiplexer, It is controlled
by the NEXT and CMUX outputs of the microprocessor. The NEXT data line
clocks the counter, and the CMUX line either enables the counter to
count or loads a zero to reset it,

Drivers

The data from the multiplexer are sent tu twelve 8830 dual differential
drivers that send the data to the computer. A thirteenth 8830 is used
to send DATA VALID and GOTIT to the cowmputer,

High-Voltage Flash Box

The flash lamps used are xenon bulbs, which require an anode voltage
between 200 and 400 volts. The circuit to supply this voltage and
trigger the lamps is shown in Appendix B. For safety, the circuit is
isolated from the power line with an isolation transformer. A voltage
doubler and peak detector convert the isolated 115 volts ac to 300
volts dc, the anode voltage for the lamps.

A voltage divider is used to derive 170 volts dc from the 300 volts to
charge a 0.25 uf capacitor, A silicon .)ntrolled rectifier (SCR) is
wired across the capacitor and a trigger coil, which has a 30:1 turns
ratio. When the flash request is sent, the SCR shorts the capacitor
and coil, producing a high trigger voltage to flash the lamp,
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SIMULATOR CONTROL

During the simulation, the 6-~DOF simulator adjusts the position and
attitude of the simulation television camera so that it will have the
same view of the target as a camera mounted on a real chase vehicle.
The simulator servos are commanded to new positions and are allowed to
settle before each flash of the docking aid lights. Because the camera
makes no observations between flashes, it was not necessary to simulate
continuous motion.

The main subroutine for simulator control is POINT. The subroutine
calls two others to calculate the required translational and rotational
position of the camera. A third subroutine converts these commands
from units of meters and radians to servo command voltages. This rou-
tine also verifies that the requested position can be reached and cal-
culates how long the servos will take to settle at the new position.

It then sends the voltages to the servos through digital-to-analog
converters.

SUBROUTINE SIMXLT COMPUTES TRANSLATIONAL POSITION

Subroutine 5IMXLYl determines where the camera should be positioned by
evaluating the formula

= t -— -
€T bt Ast(At:[s-}E * A (shy iL-lens)] shy)

where

c, represented in the program as SIMXYZ, is the position of the camera
in the simulator's coordinate system;

&ts’ represented in the program as LTS, is the position of the dock-
ing ald on the target model, expressed in the simulator coordinate
system;

Agy, represented in the program as AST, is the direction cosine ma-
trix that describes the simulator's attitude with respect to the target
model;

Ay, represented in the program as AT, is the direction cosine matrix
that describes the target's attitude with respect to the "truth" coor-
dinate system;

s, represented in the program as SCALE, is the model scale (0.01, 0.1,
or 1.0);
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X, represented in the program as the first three elements of the array
STATE, is the chase vehicle's position in the "truth™ coordinate system;

Ag, represented in the program as TRNACV, is the transpose of the
direction cosine matrix that describes the chase vehicle's attitude -
with respect to the "truth” coordinate system;

%1ens» represented in the program as LLENS, is the offset from the
center of the simulator's gimbal set to the effective center of the

camera lens;

h. and hy¢, represented in the program as HC and HT, are the posi-
tions of the camera and docking aid in the coordinate systems of the
chase vehicle and the target, respectively.

The values of s, Agy, ﬁts’ and &1ens are constant within a simu-

lation phase, but change between phases. The variables Ag, Ag,
and x change as the simulated spacecraft move. The vectors h. and
he depend only on the design of the two spacecraft and do not change.

Figure VII-1 illustrates the physical interpretation of Eq 37.

Gimbal

> A A ASg
. .--7 st t c—lens

Effective Lens
// Center
// Docking Aid
t on Target
/ AS tAtA CSEC Model "

Simulated Chase
// Vehicle Center
of Mass

Simulator Simulated Target
Origin Spacecraft
Center of Mass

Figure VII-1 Physical Interpretation of Equation 37
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Subroutine SIMROT computes the attitude of the chase vehicle with re-
spect to the target spacecraft and then finds a set of gimbal angles
that will give the camera the same attitude with respect to the target
model. However, the problem 1s more complicated than it might appear.
First, the target model is not aligned with the simulator coordinate
system. We pointed the docking axis of the model slightly upward in
order to use the operating range of the simulator to best advantage.
Second, the gimbal set is pitched down 45 degrees when all gimbal
angles are zero. Mounting the gimbal set this way allowed us to oper-
ate with the small target models against the wall of the room and the
large model on the flcor without encountering singularities or servo
limits in normal operation.

To account for these factors, the subroutine calculates

t ”~
A=A A

where

A, represented in the program as A, is a direction cosine matrix that
describes the attitude of the camera with the required gimbal :ngles
relative to its attitude with zero gimbal angles;

A.y, representcd in the program as ACV, is a direction cosine matrix
that describes the chase vehicle attitude with respect to the "truth”

coordinate system;

AE, represented in the program as TRNAT, is the transpose of the
direction cosine matrix that describes target spacecraft attitude with
respect to the "truth" coordinate system;

Arg”, represented in the program as ATSP, is the direction cosine
matrix that cdescribes the attitude of the target model with respect to
the camera's zero-gimbal-angle attitude.

Because the gimbal set provides a yaw-pitch-roll sequernce, it can pro-
cuce the attitude change specified by the matrix A as long as A can
match the general sol tion of a yaw-pitch-roll direction cosine matrix
element for element with realizable values of the gimbal angles. The
general yaw--pitch-roll solution is

(cPcY cPsY -sP

A =|sRsPcY - cRsY cRcY + sRsPsY sReP

sRsY + cRsPcY cRsPsY - sRcY cRcPJ

-
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[41]

[42]

[43]

where Y, P, and R are the yaw, pitch, and roll gimbal angles, and ¢ znd
s are abbrevia.ions for sin and cos. Ordinarily,

Y = ATAN2 (a;z,a11);
ORIGINAL PAGR 14
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R = ATAN2 (ajy3,a33);

and either

a1l
P = ATAN2 ('313’23§Y) ’
or

ar )
P = ATAN2 -313,-3—{;&:/‘ ’
where ATAN2 is the FORTRAN two-argument arc tangent functior, However,
alternate formulas must be used if there is a singularity. For exam-
ple, if ajj and ajp are both zero, Eq 40 cannot be evaluated, Sim-
ilarly, Eq 41 cannot be used if aj3 and a33 are both zero, and Eq
42 cannot be used if cos(Y) = 0 or '»th ajj] and aj3 are zero.

When the problem is simply that sin(Y) or cos(Y) is zero, the subrou-
tine has no problem, because cos(Y) can never equal zero at the same
time sin(Y) equals zero. The subroutine selects ei*her Eq 42 or Eq 43
depending on whether aj) or ajs has the larger ahsolute value,

The problem is more complex when there is a singularity, because there
is no unique solution. To select among the infinite numuver of possible
solutions, the subroutine adds the constraint that the new gimbal
angles should match the current angles as closely as possible, The
cnoice of this rule was arbitrary, but it does reduce the time required
for the servos to settle to their new positions,

SUBROUTINE SERVO SENDS COMMANDS TO THE SIMULATOR

Subroutine SERVO receives the translational commands in meters and the
rotational commands in radians and checks to see if any command exceeds
the ranre over which the servos can operate. The program halts any
time a servo is not able to position the camera where i should be.

Rom—
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If all the commands are legitimate, the subroutine uses empirical fcr-
mulas to calculate the command voltages for the servos. Using a table
of servo slew rates, it computes the time it will take for all the

servos to settle to their new positions., It adds this interval to the
time read from the computer's real-time clc:.k and stores the result in
the common block SRVOTM so that the subroutine that flashes the 1iights

can de%ermine when it 1is cafe to do =~,

Finally, the subroutine transmits the new servo commcnds through six
digital-to-analeg converter ports on the simulation computer,
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APPENDIX A--PRCGRAM LISTING

The progcam listing in this appendix is provided to document the simu-
lation methods used to analyze the three-light video guidance system
and to run the physical simulatiorn, It was written to run on a Prime
550 computer under the PRIMOS operating system, but has few hardware-

dependent subroutimes. If it is to be runm on another computer, the
following information will prove useful:

9]

2)

3)

4)

3)

Several library routines are used, which are nct sk n in the list-
ing. The routines include ASIN and ACOS, which compute the inverse
trigonometric functions arc sine and arc cosine. The function
RANFN is a random number generator that computes normally distri-
buted random values with a specified mean and standard deviation.
The routines DINA, DINB, and DINC are digical input port interface
routines, and the routine INITDI initializes the digital input
ports, In addition, the matrix arithmetic routines MADD (addi-
tion), MSUB (subtraction), MMLT (multiplication), MINV (matrix in-
version), MSCL (multiplication by a scalar), MIDN (setting an array
equal to the identity matrix), and MIRN (forming the transpose of a
matrix) are used from the Prime library MATHLB.

File handling may present conversion problems even if the program
is to be run on another Prime 550 computer, because logical unit
numbers, file names, and amount of disk storage vary from installa-
tion to installation. Scandard Prime subroutines are used to onen
and close files. These subroutines (TSRC$$, EXST$A, CLOS$A, and
DELE$A) are from the Prime library APPLIB.

Run time is approximately one-sixth of real time if the computer is
dedicated to one user. The servo settling time is the primary fac-
tor affecting speed.

The perspective drawings shown in this report are not created di-
rectly by this program. They are drawn by a second program that
uses the data file created by this program. This allows the crea-
tion of stereo plots and views from different perspectives.

Several WRITE statements in subroutine DOCK are rendered inactive
by a character C in the first column of text. Removing this char-
acter will provide a printout at the operator's terminal for moni-
toring the progress of the simulation,

The first part of the listing is the text of a terminal session, which
includes compilation, loading, and execution of the program.

'
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APPENDIX B--SCHEMATIC DYAGRAMS

The diagrams provided in this appendix are for the video processing
electronics described ia Chapter VI. Reference designators of the form
El, Al2, C9, etc identiiy the column and row on the wire-wrap card
where pin one of an integrated circuit is located.



BRUNING 44 141 31864 13 >

[~ev:
L
OR;C!‘N,AL PA(SE !s > .Vr.r. Vec o -9
oF POOR QUALITY. T m[ 2| Ju| 1n
élr\ Ik 114 13 1K 13
+5
' v Bl N K'J K19 K1 L K3z0 X2 X22
o} =
Iro P ' Q 9 01 ¢ S
"M gyt —— 1o QH g
4 g
Eﬁ“{’ll 62 o 2 1 M09\ |
] ]| 15 9 6 w iAo
vy ———1h M 5 bV —
175 |, — &
9
Ok R
9] 7407 \¢ J,,-\\uz,
0 +5
3, ,
1o xz26 |
3 ! I
xa?
T9¢ %123 .0¢
6 ITI’
s.
2 15 =
rvou /“P . RER 10 1§
Shi L .
+y 625 |1 lwas
+5
f ¥ /6I Lqi
roMm yeRT SYNC i -
Camevn L - o L 176 T Q ! 1o
- s 1] 1 10
? L] -1 O —n
I3 ey
133 |} 149
o J1s ! E3Y4 91 —
3 Q..L'
) G eleg? £34
£~rou My > HORZ SYNC 7‘117! ’
Camern el REE
+5 L 9 s
,o'gb Tq08 |3 .
Iy M 10 Ly .5
. Tj
LG s _ o JI-.'L .
Wi .oar 7409 3 3 O $ -
g | mesias Eigen , 2 3 _
"‘ﬁ s i 6Y0 e
4 +$ 151 4123 R Avo
5o . H3Y 839
:‘ el 7 ¢ LA U T3t 14 o
S 1639 15] eva |
sox, V¥ 129 mary <1l 39
.01 F3yq
0y w0 |=
) s R z?| llq‘
o
«38 'y L% £
ree H ’ok ‘L DRAWHN BY
£ RICHARD IOV
LHECKER
! -
GR ENGR
EOLD R IR
-~ "";gqikw PROIFCT R o dar
e Deck i
3OARD 4
SYNC W ¢
‘F_,—____—

CONTRACT NO.

—

OENO8 1 808 (0-81)

2



P T NN e R
- — g - B
REVISIONS
RE'/ | TONE DESCRIPTION DATE APPRCVED
ORIGWNAL P2 ' 1
e Vee Vee o CF «C X Q’Jf\'_lrf
I 720] Ja Jaz2
1K 13 IK IK 1K
rs
K19 ij K20 K24 K22
LAT) L HL1enT 2 O
) To
H1&6H VOLTAGE
1o, >2 M eten2z O
o N—— FLRASH BoOX
Shl
7
Q +5
3 /] xze 10K Tag
WA +5
«ar
2R X0t oot
Ti Tnv
gy 56K 123
K3
23 14 w3
10 bty
2
525 Y lus
+*s
e
/6T q
b~ 7 13
s Q ™Iy
1 it oM 14 AN
s & ) 1 ey > PONTLD sk3
742707
:H o 5 OK k3
]
6[; . 3 > DATA VALID
F34
7‘!17! "
sl R — ALL DONE
> LONTLD
o+rS
o NA
Lo L
3 > DATR CLK
2 13 > RESET ALU
bYe e /5 0% Awo
+ S o——AAANA HLS2s © +5
'MJQ 839
v'r. -
| 637 19} 342 |[b l." EOLDOUL ERAME
_zi[;lq
L 4 -
DRAWN BY DEPY Dl)i
wficuagpien ef70  3/31/93 MARTIN MARIETTA CORPORATION
LHECKER DENVER AERQSPACE POST OFFICE BOX 179 DENVER COLORADO 80201
GA ENGR ]
PROKCT Rewdevxvous e wd
Dﬂtk;ﬂa
B2ARD 4
SYNC W canern [Size [Fecw o DRAWING NO Be2
04238 _-
CONTRACT NO FAL( l Jsuai-v oF 6

2

——



BRUNING 44 4125527 3112 76

v
[ ]
_1
ORIGINGL PAGE IS
UALITY
OF POOR QU= FLASH CIRCUIT
5A
sLo- )
Brew i
I
[ 4
- J1OOwWF IN yos/ .
lf;:’Jg %L‘JKAS.W |
115V :D:S , 60uF . 25xF ! Archer
Ac INYOS 450 Vek | b 27%-uys”
B;;f.':' vy S56Kasw | Zenow Fiash
dord Traus for (43 j ) !
gl ——3) ¢ I
gwd. t TRIAD | DEM-9 nive Hobei
Flash¥ 3> I 7\ L1 | PEM-vs uxJ) thea
v { Cﬁtl'l Of v
N”i sha ! - SmF | Mode/s Onl
! @) | is cowiected Jo
! C) l A six foof
| l cowduc for
two  addibenal cownec’s #
I idewticnl circuits are l cirevit Yo .
| vsed for +he other 4wo | mode/.
L. — — — _ _ flash tobes __ _ _ _ _ _ _ _ _ _ 3
MICRO PRO
Board 2
4. 1952 MHe
€37 031 oan2 p D3¢
;—«r-{[n—.-—n—‘—"l
o 34 g X7pF %F
ay )
P 3

Al

RS5232C
serinl datn

from simvlatww
compu tor

ORN 081008 OF iR 89}



i
A 4
; REVisSIONS
ovM | pous SESOAFTION sars “":—J
CUIT
t
|
'
l > >—>
H3KaASW .
0.25uF | freher ORIGINAL Paar by
| > 272 - s OF PCMR QUALITY
?56‘(1&5“’ | F I ] Zenow Finsh Tobe
1
> >
Luw ' DEM-9 nive +obes are
Lo | PEM-95 vsed, three /W
3 .5;¢F I ench o-f f‘rte
| Mode/s Oﬂyoﬂ Mode!
| i$ comnecind fo Ha aloctronics atndine,
| A six foo"‘, viNe
] cowdoc for cmble
! l connects the F/ash
are cirevid fo the
fwo | mode/.
________ |
MICROPROCESSOR
Board 2
Y,1952MH:
€ 03 0u1 oW O3
E I A7't;—1_+[lhr—;ipF i
l l reser  Pufdl | »
' Pao i RE 2 N /: \
Ipar (71 ' A 2 > 6
10]p12 b Py > ¢ 40
45 ke € pwjas NEXT y 2 electron ics
’_Ia-"-\kug PysjaY— Q 22} )
5 10q % CMUX 5 W r—\.
1 7 Wb m
J.,.,, polad_ __ _GOTLT S WYY TOII-_E_I“-@M
v,
T RS2132C
R',‘ 12 L9 ‘v‘ﬁ:tu-‘u.’
A
[ AT 3

CODE 1OENT HO

04236 RENDER VOUS + DOCLKING B-3

scALE

l!'. =, RLCHARDSoN |/ of &

U o

¢t e

[ L e



DK

Sh

ORIGINAL PAGE IS
OF POOR QUALITY

O + 5

> +5

bl ef 3] 4] 4

T4 LS IEY s Ti0 T4L5169 ¢
ptS Qt5
Pg‘EL
RATE 209 ME R o] 71 2] 9[r9] 2] v2]u t{3i5]7]?]v]e]le Z14]e Ju] 1é
10
el 3
T19 gy L 0] T2® T4LS 16T
PCNTLD >—
o L1 \at3 o {5 7
N 2| 9|zl 7 ZJ‘IMBIZII
g W
e g
&
LCAMTLD D>-
213
VIDEO ) LA e 2
L +5
VREF L' Y7
[ 0
LM e
319 1 ° $15 (2]
c o f 51}-. e ! g i 3
R3 L°' ot M 74279 4oy '
A 3 2] cHl
i B
E 3% ! ?. 1 |
| < 2
PIXEL ([ _M3% ‘
ROTE 1T
CLK 270,F ™
— | T ‘ r
ALcpowe 5| L‘““ 3 )
+5 1K
(L] X3o
RESET <~ 1 jo7 Y
ALY W .
sh.2 ? afelsjuis]s] 1] 2]7]slels]e| sdvisie]r 2[9]sjvis]elY 2]
! o5
1905167 $/69 s — :
s 0 THLS /6 = 7HLS 167 - 745169 ‘0
NIT RI7 nze 16 e R26
mlnlaln ,1/‘1 uale]u] 1Te 13|z wl3T2]er e 7
45
[
+5 *€ _______j +
OATA
cloe 7/ w
Sh L el 2|v|3l]r|m qy\e|n|w]|n|/e
‘0 W0
LL 74¢5377 it LS 377 runtd
Vi | | VIiZ 10
OUL ERAMI k !
EOLD_‘ emnoan o ot o kl \2 L‘ §F\lo \7 ¢ LV Lo L/ bz 3 5




S

_;: REVISIONS
oY% ZONR BDESCRIPTION DAYE APPROVIN
—
CRIGINAL Pazc j,
o
OF PCOR QUALITY
ACNT
4 i \7
\____‘ Wi
"_"'] vy
N wu3 +o cotvaw
N vq3  RCCUNULATOr
T +5 3
1 B wH
1357 e 16] 2 [4l5 e 1[4 wro [\ V4
inm z | Boge! ; [
V4o Wiy
i F [ \o
TI9 I4LE/49 — T2® 7T4:3/49 G 6 ver!
, G vy
JLA— zl? alinfrzjn o zlq w3zl n a wa
vo te LIwve
+> 2 3 RCCVMURATIR
! 3%
\o \ /1213 \Wwis\e \7 BT, °
1
+
4 M
13 0¥ Y6
1212 4 ] Iy
121 ¢4l <t
——-1 7
2 l ! LDA _
! O ——ﬁhs —> VA4S
. 2 8
12/ s W
3%,/ H3Eg
1t
270p¢
1 &c’ > ALL DOWE
: # ShA
DUENGAG 7 slvlslelsl 2| 9islvlslelr
1
4L 16Y ¥ quesne WL /P 3
n 10 < 1S 10 (.___ 32
(1
nvae 16, ¢ R26 w3 3o
Tn 2z ] 2[n BOGE 0 ERNE BIOE g o "
" ! 4 ] N 111 to Daia
-—_—J 1 i a e Mux
174 W r—_ !
i JLANYE |
(”——_—- 1"y
(’l_. ns
;__ té
- }__ )
7
3|y !y|e|spy|n|e 3|y ——- %
122 ot . LIS o ¢ vy Q
, | es 37 ; 749L8377 ; (v
- 50 |
viz s va3 ) " e LOLLQUT
— 1 £ N
O B
('—-4'3
v \7 Lo Ly .zL:sLﬁ '5 NE PIXCNT 19 Jo— ¢
[ 1119 200¢ IOENT NO
[REvDFRvevs + DOcXTVE B4
C 04238 lcounTERY + cONPMRRTOR
O

™

scALt

fr.e. . RICHARDSOW

[adfe

R



[era
s
ORIGINAL Pﬁ“‘?’ MUX DATA fron board 2
ofF PO
i 3 I3 7 q " 3 s AR 1 23 25 av 29 ¥ 33 3¢
] 3 II i3 ’, 3 ! I37 ! 13 / 137 ’ 13 ! 13 II IJV
Q%30 ¥930 $¢30 130 930 ¥130 730 7230 7¥3 .
Al o E! &l T L NI __Ri R7
s[<|s]7 o[ «[v 5&«'1 5|¢ 9 rrs«v s{ef ole ystlv 5P11 5‘|t|
. )
62 1 (Y b6 | ¥ o | 12 7174 w1 v2 1 94l %ty 7o | 92 - v“:’
€3 45 [ I | 7. 713 75 1 R L2 /] %3 75 ¥ 85 /4 3 R
6OTLT >—0 TO SIMULATION COMPUTEF
PATRA VRl -
VALD) .|.3 NOTE: ALL 8930's
9330 Vee on  2,3,4,10,1,12. 14
69 GNJ on 7
s|¢ 6|‘i
26 | 1y
2% L
From M43 Yy——— +5
Camern
wi y—r |
10
9%20 4
pd
3|7
PIXEL e
RATE pas M7 Las -
el K
3 Yy L
1y 2 2
t..; NEXT " : pO) I9L5769 o
y
w313l ev]s]el?
‘Los 0\,
e/
QUT ERAME
A a



REVISBIONS

orw PEBORIPTION 3ATX arraovee
TA from bourd 2

IR 19 2 23 28 an 29 v 33 3y 37y Y Y3 vs5 &)

[ 13 ] 13 4 3 ! IJJ l' '3 [} 1JL 1 .3 ] /3
s¥30 ¥¥30 l sT30 230 7¥30 930 ve30 7730
T L) VNI P R9 NT (34 CAANE

r‘ch sle[ojr]  sle[o]e]  s]e]slvy 5'417 :cr[v( s[e[efo]  sTc[e[r

I

» 70 2 1 W % | Y 90 | 95 vy | 9 v7 | 700 102 | 799 106t 108

w oy 3 s v 89 7y v 9% N L2 ALY 163 /08 0y /09
TO SIMULATION C(COMPUTER
™

TOS’

_ FOLDOUZ “RAME

i
—_— 9L 5769 Jo
.9 3,7 !
I 31'#'!["71_”
p——— o N\, y ALL Dow
L o) GRIGINAY. Pagi. 1
s ssec OF POUR oAy
> RSE L

wie CODS 10ENT NO

. REVOEZIVIVS + DOCTNG
C | 4236 |paxvers + Mux covwter _ B=5

BoARD *
Fre. RicuArpsoN Pty oF o

ey

A ittt



PINCNT PCNT PICNT
AACOM AACCUM | ANCCUM AADCUM
e O
BACCIM BACCIM BACCLM l
BACOM (), I —_ ~ —_
oo a2s 29
® o o T i R G
00 . ’: o P ‘: ! 2 o
m ‘
00 o iz L o8 o wi 12 o]
3 2 al.
54 x AT T Il
o1 200 o or A b 13 3
" ° 1 ® M]
53 201 Fi4 o7 —201 v 13
52 2 bl " 2 2
-— 202 202
51 03 13203 13, 203 B 13
50 o8 ] AL 14n AL
9 05 ? s B 2
a8 a1 a2 at a2
06 | AN
17 a7 1 18 7T4LN183 l.‘ Iymu
6 o8 0 |
s Q08 |
114 10
M|
112 12
— 1. .
::: €23 52 :
N T S
02 |, 0o o ‘] ha | o
15 -t
30 @ A 100 o4 s 100 14 : 108
02 104 ®= 101 L 1 "0r
4 7 4 4 L
2 T Y E—— ) " b
38 17 109 1
PIXCNT Rl I e i K 5 5o|'™
o0 1 03 [ 33 °%° wls ® [} " i ® 15 1
03 12 2: -2 :;; 15 L
SH3 1 — 1l 12
23 e .- 4]
# 2 9A 3 SA e 2 A
se — s8 —— -
a1 Q2 o
r I. Tas163 l, 18743104
v
£29 29
% | g 10 | o e | ¢
04 3 ::’ 10 b ® .|
¥ 1 10
u d 102 wil i ° < 102 w | bt --—‘.‘- - 108
a 3 ]
o == T T30t # T o
3 °° awle & " e wl ! 17 ,,]’-’"
05 ) ;: - 1 7] :: | 17 i
3 3 13 03 I mu
u: b 1Y s PR
. 2y .— e I 0
"ot a2 a1 a2 C
l, l..u.me: I sl
-
A p :
” SEL 80! 4 4 3
BSEL BO!
# () 8o l .

EOLDOUT ERAMI




nﬂrh

O..\‘ IR

t
OF FiCR ¢

PRCNT
AMOCIM AACCUM
BACCM BACCUM
| |
s N e —— w
Y S
2 S0 0
d Y , " rotad "
102 A — | 102 [T
3
r v 1011 P T—L“Dﬂ
10 10
" 0 —t— ®
5 201 av (919 | T Al
1 12 " 12
202 202
* 13 13
203 » 203
14| 14
al| 2
e’ £
a-_ aa | et a2
_I 'l,.ruu: s l.u_mu
.
oS Va2
na M 20 e
14 3 100 - 120 \
" 101 " % D1 =
l : o2 YL | : wz Y|
o g0
15 1 i o M i Easheee PP i s 2
v . ar
hid o 21 Py il
13 202 13| 202
203 — 203
14 14,
HER =
— L] L]
a1l a2 i o a2
A e 748163 | 1 e TAENas
. +
l 1" 2
17
17 2

o8 17

18 s
SN » B
b 18 7
| 11 w0
|20 @
2143
b 2. &
| 2 &

MUX DATA
ouT Bin
e

ZW“T DT
AT (VO

)

DATA MUX
RENDEZOUIS and DXICKING

T. E. RICHARDSON

C T Y

I3

L

T-

Py



=
AT R R .
ORIGINAL PAGE S
B tyn
OF PCCR 0" LITY -
:""' 01 2 9 4 8 8 7 ? we w o
Am"""' VAT W1 VA2 WA WS WAS V44 WAl ‘——LD’_‘T"’V Vv—
C\ 407V ¢
ot~ L REE NBER
—
! .5 o 1] 23 NBEE 8| oo fi1 121914[15
vi1
311‘17421.1& ajl1| .14 |2 |19 19 37171417« |2 {14 'q ﬂ111"1q1.
16 1“4 16 14 Rl 14 16 b
5 i,_zsﬂ " 2 ¢t 2517 £ 8 17 @t | 2
W11 B
v“mTN-U ] 1" AL R AL ELARL B 7|8 lll 914 v Bkl. e |11 12 rleis o]t
201 1407
Vi anNe QanND aND ‘;O
[
| — |
—
+%
wid 3|8|7 (0 13141tl alaj7je|12 1417 1o
1 4 41 1
Nt
Tasn a0 s ano
w ® zgoo11a1|1ﬁ 21-0111 14 10
I It
s 1 2 s W
7414 1008 ol 1| 2] 9] 85|87 8| ofto 11 12 fis ha 15
ny2 3 -
btrumber 0 1 2 S & S 6 7 w10
pin number 3 3 A0 42 44 48 VA0 WA 3 4 vi0
> * VVYV +5
vi
O - “
D
-
eo1 cia2la NIBER
g—
's ol |29 NIBEE ooron 1213 hafis
2 3l1{1d 17 e |2 |14 14 311“114]211 I1114’PI1G 31l11421l1|
15, 14 18 “14 15 14 "
« ] 2517 A2 %17 C12 %1% E12 2517 G
-9 4 -
2 AL AL NS RE ARLIE! AL ILELELARL B 7|sjs{a |9 |93 7T|esle|a o1
V‘GDR._SETMJJ | 3 . 2
801 1 ¥ 10
Taoa v anND ano 5«) anD
+5
wiS 3‘7.11141’1! ll"l‘l‘! 17 19
11 1 “ 4
11&33?! M2 ano rasar 2 I, o
™ 75591:15«14 :a||11111%
ws (— (D8 [ WS ~
e01 13 a2
ol 1/ 2{ 9| a| 5| 8] 7
Te0e vt 8| oho h1 usJﬁ!s

EOLLOUI iiaMia

B e
|




P -
orenal DAC s T
Fakad . cpm .
PR B TS Q'OJ.-.'..IT Y
1218 ha s 16 h7 o 19 2021}’1
y cn 4
:TaTq'q't 2 & Wn FRECEL WQ al1 14
- 106 17 14 18 1¢ 18| 1“4
SR - a1 (3l » B,
L
r G"l » | 1112 7 Il.ll LERA R 7| ll'. 1941
v v 7
- E—
13 1447 ¥ s a7 |18 14 17 18
1 1 1" 1
g Qw weonr o
FRL AL R 2({6|e|o|tR 11«
_p2hopahs 16 17 18 19
- l il ANCCUM O
S
122 pa s 16 17 ho ho 2R
k] 1“1?4 FRRL RL FRER Al ELCRERRAL BL aﬁ’ﬂ‘ 2 {1 ¢
" 14 18, 14 18| 1
2517 G2 %17 N2 87 L2 -
7 GlGl’ | BRAIR! 7]. [ EE LR B 7i86168 |00 |14
- — 88
5 7 &
y ! r ~
- ) EOLDOUL FRAME
-~ ‘ *-.__--‘* -t
» BACOM
[ JTIRE RERERL 3{e;7|0]1% 1417 d '_O
-
1 " 1
. P2 ano sy TR i G e
0|12 1414 2{a]0 |9 ]9 184141
e rz hg 14 s 18 )17 he HQF
i e
A AND B ACCUARLATORS
RENDEZVOUS AND DOCKING
T. E. RICHARDSON
BOARD 2
B-7 om| coos a0 | awvra -, L
; T
F""" V o

- m——i



I g

S e ey e, S—— Y

APPENDIX C--MICROPROCESSOR FIRMWARE

The program listing in this appendix is the program executed by the
microprocessor on one of the video processing electronics circuit
cards. The program flow chart is shown in Figure VI-6. The program's
function is to intercept commands intended for the video processing
electronics from the data stream between the computer and the opera-
tor's terminal. The commands are characters preceded by an ASCII "es-

cape” character. When an escape character is received, the microprac-
a2ssor sends the next character it recelves to its parallel output port
F4, All other characters are relayed to the terminal.
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